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Methods and Resuls To characterize the developing aortic valvular lesion, we performed histological and immunohistochemical studies on Formalin-fixed and methanol-Carnoy'sfixed parafflin-embedded aortic valve leaflets or on frozen sections obtained at autopsy from 27 adults (age, 46 to 82 years) with normal leaflets (n=6), mild macroscopic leaflet thickening (n= 15), or clinical aortic stenosis (n=6). Focal areas of thickening ("early lesions") were characterized by (1) subendothelial thickening on the aortic side of the leaflet, between the basement membrane (PAS-positive) and elastic lamina (Verhoeff-van Gieson), (2) the presence of large amounts of intracellular and extracellular neutral lipids (oil red 0) and fine, stippled mineralization (von Kossa), and (3) disruption of the basement membrane overlying the lesion. Regions of the fibrosa adjacent to these lesions were characterized by thickening and by protein, lipid, and calcium accumulation. Control valves showed none of these abnormalities. Immunohistochemical studies were performed using N i ' onrheumatic stenosis of trileaflet aortic valves is considered a "degenerative" process, but little is known about the cellular or molecular factors that mediate its development. End-stage degenerative aortic stenosis is characterized by accumulation of irregular fibrocalcific masses on the aortic side of the noncoaptal portion of the leaflets. Microscopically described changes include increased leaflet thickness, lipid accumulation, collagen fiber disarray, and calcific deposits.'-4 The resulting increased leaflet stiffness obstructs left ventricular outflow without commissural fusion. Although it is clear that the prevalence of aortic stenosis increases with age and that aging changes of the leaflets occur, it is not clear that aging changes are synonymous with the disease process. In fact, it is unlikely that this disease is an inevitable consequence of aging, given the absence of degenerative disease in a significant number of elderly adults.5 Rather, it most likely represents a tissue response to some initiating factor.
Among the proposed theories for the initiating factor that leads to aortic stenosis, there is most support for a mechanical stress hypothesis. Functionally, the complex three-dimensional anatomy of the trileaflet aortic valve allows stress sharing between the leaflets and the sinuses of Valsalva.67 Histologically, the importance of mechanical stress is reflected in the circumferential alignment of endothelial cells on both aortic and ventricular aspects of the leaflets8 and in the arrangement of collagen fibers parallel to and elastic fibers perpendicular to the free edge of the cusp. 9 Support for the hypothesis that mechanical stress results in injury includes the observation that the pattern of calcification corresponds to sites of increased mechanical stress.7"0 Also, congenital bicuspid valves, which would be expected to have less effective stress sharing, show earlier and more rapid disease progression.11 In mice, lesions occur in a pattern consistent with hemodynamic forces. ' (Fig 1) .
Histological Analysis
Specimens were examined for leaflet thickening, cellularity, and the presence of adipose cells using hematoxylin and eosin staining, for the pattern of elastin fibers and protein deposition using Verhoeff-van Gieson (VvG) staining, for proteoglycans and basement membrane using Alcian blue-PAS staining, for mineralization using von Kossa staining (on nondecalcified specimens), and for neutral lipids using frozen sections with oil red 0 staining.
Immunohistochemical Analysis
The presence, number, and pattern of cellular components of the valve leaflet were examined using immunohistochemical techniques.
Antibodies
Immunohistochemical studies were performed using the following commercially available mouse monoclonal antibod- Thickness of each layer was measured using a calibrated image analysis system with OPTIMUS software (Bioscan) and an 80386-based computer with an Imaging Technologies, Inc, frame-grabber board. For each segment-the base, midsection, and leaflet tip-the maximum and minimum leaflet thicknesses and the thickness of each layer at these sites were measured. When lesions were present, the thickness and length of each lesion were measured as well. Intraobserver variability (n=12) and interobserver variability (n=4) are shown in Table 2 .
Statistical analysis included unpaired t tests and nonparametric tests for numerical comparisons (as indicated in the tables) and the X2 test for categorical data. Predefined subgroups were age (<45, 45 to 70, and >70 years) and macroscopic disease (none, mild-moderate, or severe).
Results

Hematoxylin and Eosin and VvG Staining
Measurements of leaflet thickness and each leaflet layer in the total study group (Table 2 ) and in the subgroups with macroscopically normal, mild-moderate, or severe disease (Table 3) show that more severe disease is associated with a more uniform leaflet thickness -smaller maximum but larger minimum thickness -at the base with a marked increase in overall leaflet thickness at the midleaflet and tip. Most of this increased thickness is accounted for by the presence of subendothelial lesions on the aortic side of the valve with involvement of the adjacent fibrosa.
Focal areas of subendothelial thickening were seen in 20 of 27 (74%) valves (Fig 2) . These lesions were uniformly located on the aortic side of the leaflet, most often in the base (54%), with fewer lesions in the mid third of the leaflet (21%) or at the leaflet tip (25%) ( Table 4 ). These lesions were located beneath the subendothelial basement membrane (PAS-positive) (Fig 3) and above the displaced normal elastic lamina.
Increased cellularity was noted in these lesions (Fig 2) . The thickness, length, and area of these lesions (endothelial surface to displaced elastic lamina) are shown in Table 4 .
Other nohistochemical staining (Fig 3) . In areas with underlying lesions, the basement membrane often appeared thin, frayed, and reduplicated and, in some cases, appeared to be absent. von 
Kossa Staining
Although macroscopically evident mineralization was present only in the valves with clinical aortic stenosis, microscopic extracellular mineralization was common. On microscopic examination, fine stippled granules of mineralization were seen in association with thickening and lipid deposition both in the lesions and in the adjacent fibrosa (Fig 2) . Larger nodules of calcification were associated with more severe disease (Fig 5) . Extensive intracellular and extracellular neutral lipid deposition was seen in the lesions and in the adjacent fibrosa (Fig 6) . In some cases, the pattern of lipid (Figs 5 and 7) . Note that the macrophages are located near the surface of the lesion, with calcification more prominent at the lesion base. A second pattern of macrophage accumulation, present in healthy valves, was seen with a diffuse localization of scattered single cells in the fibrosa and ventricularis along the entire length of the leaflet (100% of cases, including healthy individuals).
Lymphocytes (anti-CD45-positive cells) were seen less often in the lesions (54%) but often consisted predominantly of cells that also stained with anti-CD3 (T lymphocytes). Rare lymphocytes also were seen in the fibrosa (23% of cases) and ventricularis (69% of cases) along the entire length of the leaflet.
Cells staining positively for a-or y-actin (which might represent myofibroblasts or smooth muscle cells) were present less often and in smaller numbers in the subendothelial lesions (31% of cases). However, a small focal collection of actin-positive cells typically was seen at the base of the leaflet in the ventricularis (84% of normal individuals, 100% of cases).
Neither the Ulex nor factor VIII markers demonstrated evidence for significant neovascularization in the valve or adjacent to the lesions in the mid-moderate cases. Staining of the endothelium was variable, most likely due to tissue handling, as the microvasculature in the adjacent aortic root stained intensely on these specimens. 38 (2) demonstration that calcium deposition may be, at least in part, actively mediated, as has been suggested from recent studies of human atherosclerosis,3940 and (3) confirmation that chemotactic factors, adhesion molecules, and growth factors are elaborated,354' further supporting the possibility that lesion development is an active process.
Discussion
Conclusions
The present study has examined, using a variety of standard histological stains as well as immunohistochemical identification of cell types, the structural and cellular characteristics of a spectrum of trileaflet aortic valves ranging from normal to clinically stenotic. The results indicate that early lesions of valvular aortic stenosis have several features including lipid, protein, and calcium accumulation and the presence of a chronic inflammatory infiltrate, which also are present in clinically stenotic valves but which do not appear to be merely associated with aging. These findings are consistent with the hypothesis that, rather than representing a process that is degenerative and thus, by implication, unmodifiable, valvular aortic stenosis is an active process mediated in part by chronic inflammation. The results suggest than an expanded understanding of the cellular and molecular components of the early lesion of valvular aortic stenosis may allow the development of interventions to prevent or slow the disease process in individuals with early valve leaflet changes.
